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Magnetic data for a composite material consisting of nanocrystalline y-Fe,O3 dispersed in
an alginate methanol matrix indicate the presence of rotationally free magnetic particles.
The decoupling of the particles from the matrix was achieved by subjecting the sample to a
magnetic field applied in alternating directions. Before field treatment, a magnetic blocking
process is observed at low temperature, which is characteristic of nanoscale magnetic
materials in the presence of barriers for the magnetic moment of the particles. After the
field treatment, no magnetic hysteresis is observed and the magnetization follows a Curie—
Weiss law. This behavior can only be interpreted as due to magnetic moments that follow
the external magnetic field without delay, implying, therefore, the existence of free particles.

1. Introduction

The existence of a rotationally free magnet, such as
a compass needle, can be easily verified experimentally
because of its preferred orientation in an applied
magnetic field. In contrast, a magnetic crystal or particle
that is not free to rotate has an energy minimum
determined by its anisotropy energy. In magnetic com-
posites consisting of nanoscale magnetic particles dis-
persed in a solid matrix, the particulate is usually firmly
embedded in the matrix and bonded to it. Both factors
contribute to the prevention of any local movement of
the particulate. Typically, such materials show magnetic
hysteresis below a blocking temperature, Tg, and su-
perparamagnetism above Tg.

Recently, the first example of a nanocomposite con-
taining rotationally free nanomagnets was demon-
strated in a material consisting of nanocrystalline
y-Fe,03 dispersed in a functionalized polystyrene metha-
nol matrix.! The magnetic data indicated that the
particles undergo free rotation in response to an applied
magnetic field after cyclic field treatment of the solid
matrix. These data also suggested that the effect might
occur in a matrix that was structurally weak, at least
in the vicinity of the iron oxide particle and, alterna-
tively, in one that might possess weak particle matrix
interactions and cavities.! In such cases, the application
of a sufficiently strong cyclic magnetic field could break
the particle—matrix coupling.

To demonstrate the free rotor phenomenon in a
second and independent matrix, we have characterized
the magnetic properties of a nanocomposite prepared
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from a methanol ferrofluid of y-Fe,O3 and a naturally
occurring polysaccharide, commonly known as alginate.?
The data are compared with those obtained from a
second series of measurements on the sample used in
our original work.t

2. Experimental Section

Both samples were prepared as reported previously.:?
Sample 1 consisted of a methanol ferrofluid containing nanoc-
rystalline y-Fe,O3 and alginate, a naturally occurring polysac-
charide. Sample 2 was the original methanol ferrofluid sample
from our earlier work?! and contained nanocrystalline y-Fe,O3
and sulfonated polystyrene. The second series of measure-
ments performed on the original polystyrene sample and
reported on here were done several months after the initial
measurements. Multiple loadings of the resins resulted in 51%
and 57% iron oxide for the dried polysaccharide and polysty-
rene resins, respectively. Both samples solidify at ~200 K.
Transmission electron microscopy measurements that showed
5—10-nm equi-axed or spherical particles have been illustrated
previously.® The average particle diameter for the two samples
deduced from the low-field magnetic measurements was 7.4
nm for sample 1 and 12.1 nm for sample 2. Phase purity of
the samples was determined using selected area electron
diffraction analysis and optical spectrophotometry.3~> Magnetic
measurements were performed on a commercial SQUID mag-
netometer.

3. Results and Discussion

Magnetization vs temperature measurements for both
zero-field-cooled (ZFC) and field-cooled (FC) processes
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Figure 1. Zero-field-cooled (ZFC) and field-cooled (FC) mag-

netization curves at H = 200 Oe for sample 1 (a) and at H =
100 Oe for sample 2 (b).

are reported in Figure 1la,b for samples 1 and 2,
respectively. Both samples behave as expected for an
ensemble of magnetic nanoparticles with a volume
distribution f(V).6 That is, there is a distribution for both
energy barriers, U (U = KV), and relaxation times, t =
70 eXp(U/KgT), which give rise to different magnetization
values, depending on if the sample is cooled in the
absence or the presence of a magnetic field. When a
sample is cooled in zero field, the total magnetization
will be zero since the magnetic moments of the particles
are randomly oriented. The application of a magnetic
field, however, induces a net magnetic moment along
the field direction, which will increase with temperature
as more and more particles orient their magnetic
moments parallel to the field. This is the ZFC curve,
which at each temperature, represents the magnetiza-
tion of those particles having a certain volume, V, for
which their relaxation time equals the experimental
window time. At the temperature at which the relax-
ation time of most of the magnetic moments of particles
equal the experimental resolution time, the ZFC curve
comes to a maximum, which corresponds to the case
when the majority of the particles behave superpara-
magnetically. This temperature is the blocking temper-
ature, Tg. At temperatures higher than Tg, the mag-
netization decreases as seen for sample 1 and follows a
Curie—Weiss law corresponding to the superparamag-
netic behavior. This is the regime where the thermal
energy is greater than the anisotropy barrier heights.
The Curie—Weiss temperature for sample 1, deduced
from the magnetization data above Tg, is about 50 K.
For sample 2, clear Curie—Weiss behavior is not ob-
served above Tg and may be indicative of the existence
of dipole—dipole interaction between the particles. Such
behavior has been reported for several particle systems,”~1°
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Figure 2. Volume distribution for the particles of sample 1
deduced from the low field magnetic measurements (ZFC—
FC curves).

in agreement with theoretical prediction? and the
results of Monte Carlo simulations.1213

If a sample is cooled from the superparamagnetic
state in the presence of a magnetic field to generate the
FC curve, both the FC (equilibrium magnetization) and
ZFC curves coincide until Tg. Below Tg, the FC curve
splits from the ZFC curve since it does not correspond
to the equilibrium. Moreover, the ZFC curve relaxes
toward the FC curve. That is, below Tg, blocking of the
magnetic moments occurs for times longer than the
experimental resolution time. There are metastable
states separated by energy barriers, which prevent a
free magnetization reversal, and both relaxation and
hysteresis phenomena are observed. The ZFC curve is
fully determined, therefore, by the barrier height dis-
tribution. Consequently, the volume distribution of the
particle ensemble may be deduced from the ZFC curve.
The accuracy of this method is influenced by the
presence of interaction between particles. That is, in the
strictest sense we are determining the barrier height
distribution resulting from both the anisotropy height
and the dipole—dipole interaction between particles. In
Figure 2, we show the volume distribution for sample 1
deduced from the ZFC and FC curves shown in Figure
la.

The blocking temperature of sample 2 is about 100 K
higher than that for sample 1, where Tg = 60 K. The
difference is related to the different average sizes of the
samples, which is larger for sample 2 (about 12 nm vs
7.4 for sample 1) and to the existence of a broader
distribution of energy barriers. The latter is indicated
by the much broader maximum in the ZFC curve of
sample 2. The 12-nm average size deduced for sample
2 from the ZFC—FC curves is higher than the value
suggested by the data of transmission electron micros-
copy (5—10 nm). We believe that this discrepancy may
be due to the fact that in sample 2 the dipole—dipole
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Figure 3. Magnetization as a function of the applied field
measured at 4.2 K after the field treatment at £30 kOe: (a)
sample 1; (b) sample 2. Arrows point the way in which the
magnetic field was varied. Insets: low field detail.

interaction between particles is large. That is, in the
presence of dipolar interaction between particles the
barrier height distribution deduced from the ZFC—FC
curves does not fully correspond to the volume distribu-
tion.6 For sample 2, the FC magnetization curve in-
creases very slowly with decreasing temperature and
tends to flatten off. Its temperature behavior is defini-
tively different from the 1/T Curie-like law expected for
noninteracting particles and suggests the presence of
non-negligible interparticle interactions, presumably of
the dipole—dipole type.

A significant change in the magnetic properties of
both nanocomposites occurs when the magnetic field is
cycled below Tmax. Figure 3 shows the M(H) curves at
4.2 K for both samples, measured after zero field cooling
and a subsequent field treatment. For sample 1, the
field treatment consisted of a sequence of minor loops
performed as follows: the field was increased to a
positive value, H; = 100 Oe, and then decreased to a
negative value, H, = —400 Oe, larger than the previous
positive value. This procedure was repeated by increas-
ing the amplitude of the applied field up to 15 kOe, the
last applied field. Unlike hard magnetic materials,
where H; increases with the strength of the applied field
up to a constant value, there is no evidence for a finite
coercive field for any applied field up to its maximum
value. Moreover, the magnetization reversal occurs at
near zero applied field. Likewise, the same behavior was
observed for sample 2 using the field treatment of +30
to —30 kOe reported earlier.!

After field treatment, the magnetization of both
samples was measured as a function of increasing
temperature in an applied field of 20 Oe starting from
4.2 K after a ZFC process from 250 K. The resulting
curves differ from the ZFC curves measured before the
field treatment and are shown in Figure 4. Here, the
magnetization decreases with temperature and no
maxima are observed as in the case before the field
treatment (Figure 1). The data indicate that the par-
ticles behave as though they were in the superpara-
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Figure 4. Zero-field-cooled magnetization vs temperature
measured at H = 20 Oe for sample 1 and H = 20 Oe for sample
2 after the field treatment at £30 kOe: (a) sample 1; (b) sample
2. Insets: M~! vs temperature.

magnetic state with no observed blocking of the particle
moments. The same behavior was reported for the
magnetic nanoparticulate in the polystyrene methanol
matrix and is indicative of an ensemble of freely rotating
magnetic particles.! In other words, these data suggest
that there are no barriers for the magnetic moments,
which at low temperature are mostly oriented along the
direction of the magnetic field. When the temperature
is increased, the alignment of the magnetic moment
along the field direction decreases and, consequently,
the magnetization decreases when the temperature is
increased.

We note that whereas sample 2 exhibits Curie—Weiss
behavior in the whole temperature range (inset, Figure
4b), the linear temperature dependence of M~1 for
sample 1 is found only below 40 K (inset, Figure 4a).
The Curie—Weiss temperature deduced from these
magnetization data is close to zero for sample 1 and —30
K for sample 2. This suggests that the dipole—dipole
interaction between the particles in the free rotor state
is larger in sample 2 than in sample 1. This result is in
agreement with that obtained from the initial magne-
tization data above the blocking temperature. The
observed M~ vs T curve can be fitted as the sum of a
Curie—Weiss term due to free particles and a log-normal
term accounting for a distribution of blocking temper-
atures for the matrix-fixed particles. These results
suggest that, for sample 1, only a fraction of particles
are free to rotate in contrast to the nearly complete free
rotation observed in sample 2. The fraction of free
particles for sample 1 deduced from the above-men-
tioned fitting is 90%. The difference between the two
samples may result from the different natures of the
matrixes, different preparative histories, and differences
between the field treatments and average particle sizes.

Figure 5 shows the magnetization as a function of
time for sample 1 before and after the field treatment.
Before field treatment, the coercive field at 5 K has a
finite value as a result of magnetic anisotropy, and the
magnetization decays linearly with the logarithm of
time. This behavior is expected for a composite contain-
ing nanoscale magnetic particles firmly embedded in
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Figure 5. Time decay of the remanent magnetization of
sample 2 measured at 5 K before (solid circles) and after (open
squares) the field treatment at +£30 kOe. In both cases, the
sample is field-cooled in H = 100 Oe until T =5 K and then
the magnetic field is changed to H = —100 Oe.

and unable to rotate in a matrix. After the field
treatment via the “+” applied field, the magnetization
of sample 1 becomes independent of time with AM/M
lower than 0.01%. Thus, after field treatment, magnetic
relaxation is no longer observed for the polysaccharide
methanol sample at 5 K and M(H) = —M(—H), even at
small fields.

These results indicate that there are no longer energy
barriers to the orientation of the magnetic moments in
the direction of the applied magnetic field and that both
the magnetic moment and particle itself rotate in the
presence of the applied field. The same behavior was
observed in the polystyrene methanol matrix* and for
sample 2. Since some particle interactions are present,
it is possible that some interacting particles rotate
together in the applied field.
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As discussed earlier,! the precursors to both methanol—
polymer free-rotor systems form thixotropic gels that
appear to involve solvent-swollen polymer networks
surrounding the magnetic particles. In contrast, at least
to date, we have not observed thixotropy in the equiva-
lent water-based systems, nor any free rotor formation
upon solidification and field treatment of the water-
based systems. Formation of the methanol—polymer
free-rotor systems may involve mutually antagonistic
surfaces between the particle, which may retain a
surfactant layer, and the methanol—polymer matrix,
which may be cavernous.* Unlike ferrofluid particles,
which involve nearly free rotation,'® particle rotation
in the solids case involves no viscous drag. As a
consequence, particles can follow small variations in an
applied magnetic field without lag or magnetic relax-
ation.

4. Conclusions

The magnetic characterization of a composite material
consisting of nanocrystalline y-Fe,O3 dispersed in an
alginate methanol matrix indicates the presence of
rotationally free nanomagnets. As such, the material
constitutes the second known free-rotor solid. The free
rotation of the particles precludes the observation of
magnetic relaxation phenomena that are characteristic
of ordinary magnetic solids and ferrofluids.
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